Thylakoid membrane preparations obtained from mechanically disrupted (sonicated) cells of the cyanobacterium Anabaena sp. strain 7119 show a membrane-bound ferredoxin-NADP' oxidoreductase (EC 1.18.1.2) as determined either by specific antibodies or by using the ferredoxin-dependent NADPH-cytochrome c reductase activity, which is a specific test for this enzyme. However, in contrast with higher plant thylakoids, a low yield of the cyanobacterial reductase-only about 20% of the total amount of this protein estimated in whole cell homogenateswas obtained as a membrane-bound form when Mg2" was present during the disruption treatment. It is noteworthy that the addition of watersoluble nonionic polymers, namely polyethylene glycol and polyvinylpyrrolidone, dramatically increased the yield of the thylakoid-bound reductase, reaching values up to 80 to 85% of the total enzyme. Using these thylakoid membrane preparations, a quantitative determination of the reductase has been performed for the first time for cyanobacterial thylakoids. The value determined by immunoelectrophoresis-from 8 to 10 nanomoles per micromole of chlorophyll-is clearly higher than those reported for chloroplast thylakoids.
ABSTRACr
Thylakoid membrane preparations obtained from mechanically disrupted (sonicated) cells of the cyanobacterium Anabaena sp. strain 7119 show a membrane-bound ferredoxin-NADP' oxidoreductase (EC 1.18.1.2) as determined either by specific antibodies or by using the ferredoxin-dependent NADPH-cytochrome c reductase activity, which is a specific test for this enzyme. However, in contrast with higher plant thylakoids, a low yield of the cyanobacterial reductase-only about 20% of the total amount of this protein estimated in whole cell homogenateswas obtained as a membrane-bound form when Mg2" was present during the disruption treatment. It is noteworthy that the addition of watersoluble nonionic polymers, namely polyethylene glycol and polyvinylpyrrolidone, dramatically increased the yield of the thylakoid-bound reductase, reaching values up to 80 to 85% of the total enzyme. Using these thylakoid membrane preparations, a quantitative determination of the reductase has been performed for the first time for cyanobacterial thylakoids. The value determined by immunoelectrophoresis-from 8 to 10 nanomoles per micromole of chlorophyll-is clearly higher than those reported for chloroplast thylakoids.
The flavoprotein ferredoxin-NADP+ oxidoreductase (EC 1.18.1.2) catalyzes the last step of the photosynthetic electron transfer chain in those organisms which perform oxygenic photosynthesis, either being prokaryotes (i.e. cyanobacteria or bluegreen algae) or eukaryotes (green algae, higher plants) (4, 8) . The reductase from higher plant chloroplasts has been thoroughly studied (30) and it seems well established that in vivo it is an extrinsic thylakoid-bound enzyme (3) . Both divalent cations (6) and specific interactions with the so-called 'binding protein' (9) are involved in reductase binding to the membrane (27) . Moreover, the thylakoid-bound reductase can be distinguished from the soluble form by allotopic properties (7).
In contrast with the amount of information available on the chloroplast membrane-bound reductase, no detailed studies have 'Supported by grants from the Consejo Nacional de Investigaciones Cientificas y Tecnicas (Argentina), R been done on the thylakoid-bound enzyme from cyanobacteria (13) . Nevertheless, since the first partial purification and characterization reported by Susor and Krogman (26) 20 years ago, the soluble form ofthe cyanobacterial reductase has been purified to homogeneity from different strains, either heterocystous (22) or not (17) , and both kinetic (18, 23) and structural (29) properties have been studied. Thylakoid membrane preparations with high NADP+ photoreduction rates were obtained from cyanobacteria (1, 25 Immunoelectrophoretic Techniques. The immunoglobulin G fraction of rabbit antiserum against Anabaena sp. strain 7119 reductase was purified by precipitation with (NH4)2SO4, dialysis against sodium acetate buffer (pH 5.0), and DEAE-cellulose ion exchange chromatography (16) . Rocket immunoelectrophoresis was carried out in 1% (w/v) agarose gel slabs (12 ml total volume) containing 0.5% (v/v) Triton X-100 and 80 ul of the purified immunoglobulin G fraction, using a LKB (Sweden) Multiphor modular system (14) . Samples of both soluble and particulate fractions obtained as described above were subjected to two freeze-thaw cycles in the presence of 2% (v/v) Triton X-100 and subsequently applied to the gels (6-12 IAI, containing 10-100 milliunits of Cyt c reductase). Each run was calibrated with purified reductase preparations (0.5-2 yg). Electrophoresis was run at 200 V (20 V/cm) for 8 h at 10C. The gels were washed twice in 0.15 M NaCl, dried and stained with Brilliant Blue G-250.
Fused-rocket immunoelectrophoresis (2) was performed under the conditions described above but using 15 Ml of the immunoglobulin G fraction.
Analytical Methods. Ultracentrifugation was performed on 20 to 70% (w/v) sucrose linear gradients in 50 mM Tris-HCl (pH 7.0) buffer supplemented with 5 mM MgCl2 and 7% (w/v) PEG.
Gradients (4.8 ml total volume in 5-ml Beckman cellulose nitrate tubes) were centrifuged at 25,000 rpm for 25 min in a Beckman SW65K rotor at 4°C. Fractions of 0.2 ml were collected from the bottom of the centrifuge tubes and subsequently checked for both activity and enzyme quantity.
The ferredoxin-dependent NADPH-Cyt c reductase activity was assayed according to Shin (24) but using a NADPH-generating system (glucose 6-P and glucose 6-P dehydrogenase) and a reaction medium (1 ml) consisting of 50 mM Tris-HCl (pH 8), 5 mM MgCl2, 250 mM sucrose, 0.3 mM NADP+, 3 mM glucose 6-P, 0.6 mg Cyt c, 0.1 mg ferredoxin, and 1 unit of glucose 6-P dehydrogenase. Diaphorase activity, either using DPIP or potassium ferricyanide as the electron acceptor, was measured as previously described (6) . Unless otherwise stated, enzyme activity was measured using the Cyt c reductase assay.
Soluble reductase was purified from Anabaena sp. strain 7119 cells using affinity chromatography on Affi-Gel Blue as previously described (27) . Ferredoxin was purified as described by Mitsui and Arnon (20) . Chl was determined in an 80% (v/v) acetone extract according to Arnon (28) .
RESULTS AND DISCUSSION
In contrast with higher plant chloroplasts (6) isolated with Mg2+ ions present during the disruption treatment, 40,000g-pellet fractions of sonicated Anabaena sp. strain 7119 cells show a very low amount of membrane-bound reductase, detected either by immunological techniques or using the NADPH-Cyt c reductase assay, which is a specific test for this enzyme. However, the yield of membrane-bound reductase was dramatically increased if nonionic water soluble polymers, namely PEG and PVP, were added to the sonication medium (Table I) . Other mono or divalent cations (Na+, K+, or Ca2+) in the mm concentration range (10-50 mM), osmolarity-increasing agents like sucrose or glycerol, or the addition of serum albumin (2-5 mg/ml) were even less effective than Mg2" (data not shown).
PEG has been described as a precipitating agent for thylakoids ofphotosynthetic bacteria (10) . To obtain more information on the effect of this nonionic polymer on the cell homogenates of (27) 200 (76) 65 (24) Anabaena sp. strain 7119, both 7.5% (w/v) PEG and 2% (w/v) PVP were added to supernatants obtained under several cell breakage conditions as described in Table I . These preparations were incubated at 40C for 15 min and subsequently centrifuged at 40,000g during 1 h at the same temperature. When the enzyme activity was assayed in the supernatants a significant decrease of this parameter (20-30%), together with the appearance of a green pellet, was found only for those preparations obtained after sonication of cells in the absence of the nonionic polymers. These results confirm the membrane-precipitating effect of PEG (data not shown). On the other hand, the fact that some enzyme activity remained in the supernatants after addition of PVP and PEG or when cell breakage occurred in its presence (Table I) suggests that some reductase may be in soluble form. It is important to point out that no precipitation of enzyme activity was observed when purified reductase was added to thylakoid membrane preparations, thus ruling out the possibility of PEGinduced nonspecific interactions of the soluble enzyme with thylakoids (Table II) . Although both PEG and PVP increased the amount of reductase found in the pellet fraction, PEG was clearly more efficient at the concentration range used (2-15%, w/v), showing moreover a concentration dependent effect (Fig. 1) which was not observed for PVP. However, the presence of 2% (w/v) PVP slightly increased the reductase obtained in all the PEG concentrations assayed. Therefore, since a maximum yield of membrane-bound enzyme was reached at about 7 to 8% (w/v) PEG, unless otherwise stated both 2% (w/v) PVP, and 7.5% (w/v) PEG were added to the sonication medium in order to standardize optimal conditions needed to obtain the reductase associated with the particulate fraction (Table I ). Figure 1 shows a very good correlation between the amount of the membrane-bound enzyme determined as enzyme activity and by rocket immunoelectrophoresis. It is interesting to note that the specific activity for the NADPHCyt c reductase of the pellet fractions showed no significant differences being in the range of 25 to 30 units/mg reductase.
Membrane preparations obtained either in the presence or absence of nonionic polymers show a similar solubilization pattern of the associated reductase. During a series of washes the presence of PEG and PVP apparently preserves the enzyme binding to the membrane, while in the absence of these compounds more than 90% of the initially bound reductase becomes rapidly solubilized (Fig. 2) . In contrast with chloroplast thylakoids (6), the presence of either mono or divalent cations (Na+, K+, Mg2`or Ca2") in the concentration range 0.02 to 0.2 M, or Since thylakoids constitute the bulk of membranes of cyanobacterial cells and also the site of photosynthesis and photophosphorylation ( 13), the particulate fraction can be considered as a thylakoid preparation. Nevertheless, an analytical study of the particulate fraction has been performed using ultracentrifugation on sucrose gradient in order to confirm that the cyanobacterial reductase is actually bound to the thylakoid membranes rather than to other membranes. Only one Chl-containing band located at about 60% sucrose-the thylakoid band-was found in the particulate fraction obtained in the presence of PEG and PVP. When the enzyme was located in the gradient using either the diaphorase activity or fused-rocket immunoelectrophoresis, more than 80% of the reductase was found associated to this band. The quantitative determination of several redox carriers of the photosynthetic electron transport chain has been reported for higher plant chloroplasts (5, 6 (12) . It is interesting to note that Anabaena reductase shows an allotopic property already described for the spinach enzyme (7), namely, that the pH profile of the diaphorase activity of the soluble enzyme is displaced towards alkaline pH by about 1 pH unit with respect to the membrane-bound enzyme. Moreover, both forms ofthe reductase show different chromatographic and electrophoretic behavior suggesting the existence ofa polypeptide in Anabaena thylakoids similar to the reductase binding protein (9, 27) of higher plants (F Soncini, E Rosenbaum, RH Vallejos, unpublished observations).
The data presented in this paper strongly suggest that all the cyanobacterial reductase should exist as a membrane-bound enzyme in vivo. However, the interaction with the thylakoids is weaker than in spinach and does not seem to involve an electrostatic mechanism as in spinach chloroplasts (6) since cations do not seem to be required for binding. The fact that the membranebound form of reductase was predominant when Anabaena cells were disrupted in the presence of PEG plus PVP may be explained by the ability ofthese nonionic polymers to reduce water activity and thus favor the maintenance of a natural association between the reductase and thylakoids as has been described for othersystems (II, 15, 19, 21) .
Thylakoids prepared in the presence of PVP and PEG as described in this paper can be considered as a useful system for the study of the native organization of this membrane, its extrinsic proteins and their relationship with cytoplasm.
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